The ability of cells to adapt their mechanical properties to those of the surrounding microenvironment (tensional homeostasis) has been implicated in the progression of a variety of solid tumours, including the brain tumour glioblastoma multiforme (GBM). GBM tumour cells are highly sensitive to extracellular matrix (ECM) stiffness and overexpress a variety of focal adhesion proteins, such as talin. While talin has been shown to play critical early roles in integrin-based force-sensing in non-tumour cells, it remains unclear whether this protein contributes to tensional homeostasis in GBM cells. Here, we investigate the role of the talin isoform talin-1 in enabling human GBM cells to adapt to ECM stiffness. We show that human GBM cells express talin-1, and we use RNA interference to suppress talin-1 expression without affecting levels of talin-2, vinculin or phosphorylated focal adhesion kinase. Knockdown of talin-1 strongly reduces both cell spreading area and random migration speed but does not significantly affect overall focal adhesion size distributions. Most strikingly, atomic force microscopy indentation reveals that talin-1 suppression compromises adaptation of cell stiffness to changes in ECM stiffness. Together, these data support a role for talin-1 in the maintenance of tensional homeostasis in GBM and suggest a functional role for enriched talin expression in this tumour.
INTRODUCTION
Tissue architecture reflects a force balance in which cells adapt their cytoskeletal tension to match forces generated by neighbouring cells and the surrounding extracellular matrix (ECM). This 'tensional homeostasis' is now recognized to play central roles in development, wound healing and tissue regeneration [1] [2] [3] ; dysfunction in this process can contribute to a variety of diseases, including cancer [4] [5] [6] . For example, breast tumours are significantly stiffer than normal breast tissue, and malignant transformation may be promoted in vitro and in vivo by stiffening the ECM [7] [8] [9] . Similarly, the brain tumour glioblastoma multiforme (GBM), a malignancy of the central nervous system in which individual cells remodel and diffusely invade the surrounding ECM [10] , is characterized by extensive tissue stiffening [11] . The proliferation, motility and mechanics of cultured GBM tumour cells are highly sensitive to changes in ECM stiffness [12, 13] , indicating that alterations in tensional homeostasis may play a significant role in GBM tumorigenesis and invasion.
The increasing appreciation of tensional homeostasis as a contributor to tumour progression has spurred interest in identifying molecular mediators of this process, with the goals of better understanding pathophysiology and developing novel drug targets. Focal adhesion proteins have emerged as natural candidates in this process, given their demonstrated importance in mediating integrinbased sensing of mechanical inputs from the ECM [14, 15] . While focal adhesions are complex and dynamic structures with more than 80 known molecular components [16] , the protein talin (specifically, its two human isoforms, talin-1 and talin-2) has garnered specific interest because of its abnormal regulation in several tumour types. For example, in oral squamous cell carcinoma, talin-1 overexpression has been correlated with a metastatic phenotype [17] . Similarly, in prostate cancer cells, talin-1 overexpression contributes to enhanced adhesion, migration and invasion through activation of survival signals and rendering resistance to anoikis [18] . Independent of its interactions with integrins, recent reports have also implicated talin-1 in regulating the expression of the cell-cell adhesion protein E-cadherin [19] . Given the close connection between GBM progression and aberrant cell adhesion and migration, focal adhesion proteins have begun to emerge as targets of interest in GBM. For example, the focal adhesion and actin crosslinking protein a-actinin has been shown to regulate the motility and mechanoadaptation of glioma cells [12, 20] . Because both talin and a-actinin physically link the ECM to the cytoskeleton by binding simultaneously to integrins and actin, it is likely that talin plays a similarly important role in regulating glioma invasiveness. Consistent with this notion, heterogeneous high expression of talin across different glioma cell lines with different metastatic potential suggests that talin expression might be tied to the extent of invasiveness of glioma cells [21] . Together, these reports indicate that talin expression is closely tied to the invasive properties of multiple types of cancers, including potentially GBM, and may be used as a marker of tumour progression and metastasis.
The role of talin in tumour progression is particularly interesting when viewed in the context of its role in transducing mechanical signals from the ECM to the cytoskeleton through its engagement of integrins and actin. More specifically, the recruitment of talin to the cytoplasmic domains of integrins can facilitate 'insideout' activation of integrins, which strongly increases the affinity of integrin extracellular domains for ECM proteins [22, 23] . Moreover, talin is one of the first proteins recruited to integrin clusters in the early stages of focal adhesion formation and provides a binding site for vinculin, which can subsequently trigger further adhesion maturation [24] . Functionally, talin plays an important role during cell spreading and assembly of focal adhesions [25] [26] [27] . In cells expressing both talin isoforms, talin-1 deficiency can lead to compensatory upregulation of talin-2 and is sufficient for focal adhesion assembly and spreading [28, 29] . However, in human umbilical vein endothelial cells (HUVECs) that express only talin-1, siRNAmediated suppression of talin-1 has been shown to inhibit focal adhesion assembly and spreading [30] . The structural contributions of talin in focal adhesion organization have been more clearly elucidated by recent super-resolution imaging studies, which have revealed that talin interacts with integrins through its N-terminal head domain, and with focal adhesion kinase (FAK), paxillin and vinculin by means of its angled orientation at focal adhesions [31] .
While talin is the key to transducing mechanical inputs from the ECM and has also been implicated in tumour progression, it is unclear whether, or to what extent, talin contributes to tensional homeostasis in tumours such as GBM, whose pathophysiology involves altered mechanobiological interactions with the ECM. In this paper, we address this open question by investigating the role of talin-1 in the regulation of spreading, motility and stiffness adaptation of human GBM cells. We show that talin-1 suppression reduces the spreading and motility of glioma cells without accompanying changes in the expression of talin-2, vinculin, phosphorylated FAK. Most importantly, we show that talin-1 suppression compromises the ability of glioma cells to adapt their intrinsic stiffness to changes in ECM stiffness, directly supporting a role for talin-1 in regulating tensional homeostasis in this tumour.
MATERIAL AND METHODS

Cell culture
U373 MG human glioma cells were obtained from the Tissue Culture Facility at the University of California, Berkeley, CA, USA and cultured in DMEM (Invitrogen) supplemented with 10 per cent calf serum (J.R. Scientific), 1 per cent penicillin/streptomycin, 1 per cent non-essential amino acids and 1 per cent sodium pyruvate (all from Invitrogen). Motility, immunofluorescence and cell stiffness measurements were conducted with matrices of human plasma fibronectin (Millipore) adsorbed to glass coverslips, adsorbed to tissue culture plastic or conjugated to polyacrylamide (PA) hydrogels, respectively. PA hydrogels were synthesized by mixing varying amounts of acrylamide and bis-acrylamide to obtain gels of varying stiffness [32] . For cell culture experiments, these hydrogels were functionalized with fibronectin at a fixed density using the photoactivatable crosslinker sulpho-SANPAH as previously described [13] . For assessing the influence of talin-1 in glioma cells, cells were transfected with talin-1-specific siRNA (siTLN1) or scrambled sequence (siCTL; Dharmacon) according to manufacturer specifications. All experiments were carried out 3 days after the addition of siRNA.
Immunostaining and Western blots
For immunostaining, cells cultured on fibronectin-coated glass coverslips were rinsed with phosphate-buffered saline (PBS; Fisher Scientific) and fixed with 4 per cent para-formaldehyde solution for 10 min. Fixed cells were permeabilized with 0.5 per cent Triton X-100, and blocked in 5 per cent BSA for 1 h at room temperature and then incubated for 1 h at room temperature in one of the following primary antibody solutions in PBS at the specified dilutions: mouse anti-talin-1 (1 : 100, Sigma), chicken anti-talin-2 (1 : 100, Sigma), mouse anti-vinculin (1 : 200, Sigma) and rabbit antipY397FAK (1 : 200, Invitrogen). After incubation with primary antibody, cells were rinsed with PBS and then incubated for 1 h at room temperature with the relevant secondary antibodies (1 : 500, Invitrogen) and Alexa 488 phalloidin (1 : 200, Invitrogen). Finally, samples were mounted onto slides with Cytoseal 60 (Richard Allan Scientific). For Western blots, total cell lysates were obtained using radioimmunoprecipitation assay (RIPA)-buffer-containing protease inhibitors (both from Sigma), and the supernatant was collected after spinning at 10 000 r.p.m. for 10 min at 48C. Immunoblots were performed per manufacturer protocol (Invitrogen) using the relevant buffers (Invitrogen), primary antibodies (talin-1, talin-2, vinculin, pY397FAK, GAPDH (glyceraldehyde 3-phosphate dehydrogenase; 1 : 20 000, Sigma)) and horseradish peroxidase (HRP)-conjugated secondary antibodies (Invitrogen). After colour development using tetramethyl benzidine substrates (Invitrogen), bands were scanned and intensities were measured using IMAGEJ.
Optical and atomic force microscopy
Phase contrast and fluorescence imaging were performed using an inverted Nikon TE2000-E2 microscope equipped with a motorized, programmable stage (Prior Scientific), and an incubator chamber to maintain constant temperature, humidity and CO 2 levels (In Vivo Scientific). Images were captured with a Cool-SNAP HQ2 camera (Roper Scientific/Photometrics) interfaced with SIMPLEPCI software (Hamamatsu). Cell spreading areas were measured using IMAGEJ (NIH). For motility measurements, cells were imaged every 15 min at 10Â magnification for at least 6 h and quantified using the manual tracking plugin in IMAGEJ. Stiffness of PA gels and cells were obtained with an Asylum Research MFP3D atomic force microscope mounted on a Nikon TE2000-U epifluorescence microscope, as described previously [33] .
Quantification of size distribution of focal adhesions
To determine the distribution of focal adhesions, we acquired our Y397FAK immunofluorescence images under the same exposure and gain settings and then subjected them to four image-processing routines in IMAGEJ: First, using 'Process-Subtract Background', the background was subtracted from all images. Next, these processed images were converted to 8 bit images (Image-Type-8 bit) and then thresholded (ImageAdjust-Threshold) to the same extent. Thresholded images were then inverted (Edit-Invert) and then the number of black streaks (indicative of focal adhesions) were measured using the 'Analyze-Measure Particles' plugin. This provides a measure of the area and circularity of all the focal adhesions in a given image. This was repeated for all the images acquired for a given condition. The aggregate data were then quantified using ORIGIN software to determine the distribution of adhesions based on their size.
RESULTS
Suppression of talin-1 in human glioma cells
To investigate the role of talin-1 in a culture model of GBM, we used talin-1-specific siRNA (siTLN1) to suppress talin-1 expression in the U373 MG human glioma cell line and compared the results with cells treated with scrambled control siRNA (siCTL) 3 days after incubation with siRNA. Western blots of total cell lysates of control and talin-1-deficient samples revealed a approximately 70 per cent knockdown in talin-1 levels 3 days after transfection (figure 1a). Talin-1 suppression did not alter talin-2 levels in siTLN1 cells compared with controls. Consistent with the Western blots, talin-1-deficient cells stained weakly and non-specifically for talin-1 compared with control cells, which exhibited strong talin-1-positive focal adhesions (figure 1b).
3.2. Talin-1 contributes to the spreading and motility of glioma cells
As described earlier, talin is known to play an important role in the formation and maturation of focal adhesions, and compromise of talin in non-glioma cells has been associated with altered adhesion and motility. Thus, we next asked whether knockdown of talin-1 altered these behaviours in our system. We compared the spreading of control and talin-1-deficient cells on fibronectincoated tissue culture plastic after 3 days incubation with siRNA. At this time point, control cells were well spread with a mean spread area of approximately 5000 mm
2
. In contrast, talin-1-deficient cells were significantly less spread (*p , 0.001) with a mean spread area of approximately 3500 mm 2 (figure 2a). To assess the effect of talin-1 knockdown on cell motility, we tracked random cell motility of control and talin-1-deficient cells for at least 6 h, using phase contrast time-lapse microscopy. Talin-1-deficient cells were substantially less motile than control cells, with talin-1 knockdown producing approximately 50 per cent reduction in mean cell speed from 52 to 27 mm h -1 (figure 2b). Collectively, these results demonstrate that talin-1 contributes strongly to both the spreading and motility of glioma cells.
Knockdown of talin-1 does not influence focal adhesion assembly in glioma cells
The previous results demonstrate that talin-1 deficiency leads to impaired spreading and motility in glioma cells. Such differences may arise owing to altered localization of other focal adhesion proteins, differences in the number Talin-1 and glioma tensional homeostasis S. Sen et al. 1313
and/or size of focal adhesions or to altered adhesion dynamics. To distinguish between these possibilities, we first compared levels of two well-characterized focal adhesion proteins that bind to talin-vinculin and FAK-in control and talin-1-deficient cells. While vinculin is involved in force-induced stabilization of focal adhesions, FAK is known to regulate migration through modulation of adhesion turnover. Interestingly, in glioma cells, neither vinculin expression nor FAK activation (i.e. pY397FAK levels) were affected by suppression of talin-1 levels ( figure 3a) . Further, quantitative image analysis of pY397FAK-labelled control and talin-1-deficient cells revealed no differences in either the number or the size distribution of pY397FAK-positive adhesions (figure 3b).
Together, our findings suggest that the changes in cell adhesion and motility (figure 2) are not due strictly to altered adhesion assembly and maturation.
Talin-1 knockdown suppresses rigiditysensing
Impaired spreading and motility of talin-1-deficient cells indicate that talin-1 plays an important mechanosensory role in glioma cells. To determine whether talin-1 is also important in tensional homeostasis, we cultured control and talin-1-depleted cells on a series of fibronectin-coated PA hydrogels spanning a range of elasticities and compared the dependence of cortical 
DISCUSSION
Our study identifies the focal adhesion protein talin-1 as a significant regulator of glioma cell spreading, motility and adaptation to ECM stiffness cues. Consistent with studies in other tumour systems, we find that loss of talin-1 significantly compromises cell motility. Interestingly, talin-1-deficient cells were unable to detect differences in ECM stiffness, which highlights the role of talin-1 in stiffness adapation. Collectively, our results support a role for talin-1 in modulating interactions of glioma cells with their ECM, which may in turn regulate glioma invasion. Repeating these studies in other cell types would help us to establish the generality of these findings. Placing our results in context of previous functional studies of talin, it is important to note that the expression profiles and mutual crosstalk of talin-1 and talin-2 are highly cell-type-specific. While loss of talin-1 is embryonically lethal at gastrulation, mice are viable and healthy in the absence of the C-terminal half of talin-2 [34] [35] [36] . In contrast to HUVECs, which express only talin-1 [37] , U373 MG glioma cells express both talin-1 and talin-2. However, in U373 MG glioma cells, we find no compensatory upregulation of talin-2 upon suppression of talin-1 (figure 1), suggesting the comparative absence of crosstalk between the two isoforms. Our findings also contrast somewhat with previous observations with embryonic stem-cell-derived fibroblasts, in which talin-1 suppression was found not to affect spreading [26] . The reduced motility observed in talin-1-deficient glioma cells is consistent with previous observations with prostate cancer and oral squamous carcinoma cells [17, 18] . Cell motility involves polymerization of actin at the leading edge, stabilization of leading edge by formation of cell -ECM adhesions and myosin-dependent retraction of the trailing edge through disassembly of adhesions [38] . Because the size distribution of focal adhesions is not altered by talin-1 depletion, it is possible that in glioma cells either talin isoform is sufficient to mediate the assembly of adhesions. However, adhesion dynamics may be differentially regulated by talin-1 and talin-2. Additional experiments tracking the dynamics of focal adhesions would help us to clarify whether the reduced motility of talin-1-deficient cells is due to stronger adhesions, slower adhesion turnover or delay in formation of adhesions. Because talin-1 deficiency has been demonstrated to delay the formation of initial adhesions in fibroblasts [26] , the reduced motility of talin-1-deficient glioma cells could potentially be attributed to a slow rate of formation of adhesions at the leading edge.
Our study also lends new insights into the role of talin-1 in mechanosensing, which is presumed to operate through talin-1's participation in integrin activation and reinforcement of integrin-cytoskeleton linkages. Using laser tweezers, Sheetz and co-workers [26] have demonstrated that talin-1 is directly involved in reinforcing initial integrin connections with the cytoskeleton and is associated with the recruitment of focal adhesion proteins vinculin and paxillin for stabilization of adhesions. Because the strength of integrin-cytoskeleton bonds depends on ECM rigidity [39] , talin may help sense ECM rigidity through strengthening of cytoskeletal linkages in a forcedependent manner. Consistent with this, it was recently demonstrated that force-induced reinforcement in talin-1-deficient embryonic fibroblasts can be mediated through talin-2, and subsequent siRNA-induced depletion of talin-2 in these cells completely abolishes reinforcement [40] . In the context of studies on defined-stiffness ECMs, this phenomenon manifests itself as 'stiffness adaptation'. For example, 3T3 fibroblasts tightly adapt their spreading area and cytoarchitecture to local variations in ECM stiffness [41] and can, within limits, match their intrinsic stiffness to that of the ECM [42] . We show here that glioma cells exhibit a similar mechanoadaptation response in which cell stiffness increases with ECM stiffness and saturates to a value of 4 kPa on ECMs of stiffness 26 kPa and higher. Strikingly, talin-1 depletion strongly suppresses this stiffness-sensing response as evidenced by the nearly flat profile of cell stiffness (figure 4), demonstrating a role for talin-1 in maintaining tensional homeostasis.
This strong reduction in stiffness adaptation is reminiscent of our previous study with a-actinin, in which we showed that suppression of either a-actinin-1 or -4 significantly restricted the ability of glioma cells to Figure 4 . Contributions of talin-1 to cell -ECM rigiditysensing, as determined by atomic force microscopy (AFM) cortical stiffness measurements of siCTL cells (grey squares) and siTLN1 cells (black circles) cultured on defined-rigidity substrates 3 days after the corresponding siRNA treatment. Talin-1 suppression led to modest but statistically significant cell stiffening on the softest (2 kPa) substrates. On the stiffest substrates, no differences were observed.
Talin-1 and glioma tensional homeostasis S. Sen et al. 1315 adaptively stiffen on highly rigid ECMs [12] . It is also consistent with the results of Byfield et al. [43] , who showed that filamin-null melanoma cells remain relatively soft over a wide range of ECM stiffnesses. Unlike those earlier studies, however, we find here that talin-1-depleted cells are uniformly stiff on all ECMs and are in fact slightly stiffer than control cells on the most compliant substrates. It is important to note that this degree of stiffening (less than 1.5-fold) is quite modest compared with cell stiffness differences observed in some of these previous studies; so the functional importance of this result is uncertain. As one potential explanation, it is possible that talin-1-deficient cells redirect actin from basal stress fibres to the cortical cytoskeleton, producing high cell stiffnesses even on compliant ECMs. This concept is supported by the work of Solon et al. [42] , who demonstrated that fibroblasts match their cortical stiffness to that of their underlying ECMs up to 5 kPa purely by reorganizing the cortical actin network and without forming additional stress fibres. Moreover, it is possible that talin-1 depletion may lead to enrichment of other focal adhesion proteins in the actin cortex, such as a-actinin and filamin A, which-in addition to crosslinking actin-also bind to b 1 integrins, and can therefore act as mechanosensors [44, 45] . Notably, it has been demonstrated that a-actinin and filamin can cooperatively enhance the stiffness of actin networks [46] . Given our previous results with a-actinin-depleted glioma cells [12] , it is possible that cortical enrichment of a-actinin may lead to cell stiffening on soft matrices.
In conclusion, we have studied the role of talin-1 in regulating the tensional homeostasis of human glioma cells. While the association of talin with tumour invasiveness has been documented in some types of cancer, such as prostate and oral squamous cell carcinoma, our results demonstrate for the first time that talin-1 directly influences spreading, motility and rigidity-sensing in U373 MG human glioma cells. It remains to be seen if the effects of talin-1 suppression observed in U373 MG cells also holds true for other types of glioma cells or is dependent on tumour grade, and holds true in other types of cancers as well. Moreover, the expression profiles of talin-1 and talin-2 across different glioma cells need to be investigated, as does the degree to which talin-1 deficiency alters talin-2 levels. It would be interesting to study the function of talin-2 in talin-1-deficient cells and test if talin-2 mediates the assembly of focal adhesions in talin-1-deficient cells. Analogous experiments using talin-2-deficient cells will help us to understand the function of talin-1 in these cells and the nature of crosstalk between these two isoforms. Because both talin and actin crosslinking proteins such as a-actinin and filamin link integrins to the actin cytoskeleton but may have opposite effects on cell stiffness, it would also be interesting to explore whether the pattern of invasion of glioma cells is dependent on cytoskeletal mechanics by simultaneously manipulating expression of talin and actin crosslinking proteins. 
